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Abstract
Thin films of copper indium disulfide (CuInS2) are deposited on various substrates (In2S3/ ZnO/SnO2/glass, ZnO/SnO2/glass),
where In2S3 will be used as the optical window, ZnO as the optical window or wafer layer, CuInS2 as the absorber material in
photovoltaic system and SnO2 as the ohmic contact. In2S3 is grown by chemical bath deposition; CuInS2, ZnO and SnO2 are 
grown by airless spray technique. The substrate temperature and the deposition duration of CuInS2 thin layer are fixed at 340°C 
and 20 minutes respectively.
The films were characterized by X-ray diffraction, Scanning electron microscope (SEM) and spectrophotometer.
The X-ray diffraction revealed that the as-sprayed CuInS2 absorber films are of chalcopyrite crystalline phase with a highly (112) 
preferential orientation, the In2S3 deposited by CBD have a (400) preferential orientation, the ZnO sprayed thin films crystallizes
in the hexagonal wurtzite form with a (002) principal orientation and the SnO2 films are well crystallized in the tetragonal 
structure and oriented preferentially in the (200) direction.
The SEM showed that the thickness of the SnO2, ZnO, In2S3 and CuInS2 are 0.529; 0.684; 0.267 and 0.507 μm respectively. The 
optical band gap of the CuInS2 absorber material is 1,51 eV. The electrical properties of these structures are analysed from
current-voltage (I-V) characteristics.
© 2009 Published by Elsevier B.V.
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1. Introduction
Chalcopyrite semiconductors have been successfully applied as absorber layers for polycrystalline thin film solar
cells [1-8]. CuInS2 (CIS) is one of the emerging materials for economic polycrystalline solar cell applications. CIS is 
also a promising absorber material for thin film solar cells having a high absorption coefficient [9],  the CIS based
devices have achieved conversion efficiency over 11%, and its direct band gap of 1.5eV is near optimal for solar
radiation utilization for single junction devices [10,11].Various fabrication  methods have been employed for CIS
thin films such as chemical bathing method [12], CVD [13], electroless deposition [14], molecular beam epitaxially 
growth [15], spray pyrolysis [16-18], airless spray [19]  and so on. Analysis of the elaboration technique showed
that the most simple and cheap technology to obtain CIS thin films is the spray technique. In the present
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investigation, we elaborated CIS thin films using airless spray method. This technique consists on strongly
compressing the solution to be aerosolized in a cylinder with a small hole in the end, through which the solution is 
sprayed in a multitude of droplets onto the substrate. There is no carrier gas and a higher growth rate can be
achieved by increasing the concentration of the solution [20]. Among the inorganic solar cell concepts, we
succeeded to prepare CIS/In2S3/ ZnO/SnO2/glass and CIS/ZnO/SnO2/glass structures, where In2S3 was used as the
optical window, ZnO as the wafer layer for the first cell and as the optical window for the second one, CuInS2 as the 
absorber material in photovoltaic system and SnO2 as the ohmic contact. In order to examine the impact of the
addition of the In2S3 optical window on the structural, surface morphological, photovoltage and optical properties of
the fabricated layer systems, a series of studies have been performed using X-Ray diffraction (XRD), atomic force
microscopy (AFM) and scanning electron microscopy (SEM) and optical spectroscopy measurements. The I-V 
characteristics are also investigated. 
2. Experiments
An airless paint spray gun is employed to prepare CIS, ZnO and SnO2:F thin films  by the airless spray method .
The In2S3 is grown by chemical bath deposition (CBD). The elaboration process is briefly summarized here. First,
we clean a glass slides (26x38x1mm) , those substrates are dipped into hydrochloride acid and nitric acid,
ultrasonically cleaned with double distilled water, immersed into methanol solution, rinsed again with double
distilled water and then cleaned with fluorhydric acid solution. Finally, those are rinsed and stored in dried box.
Next, the n-type SnO2:F thin films are prepared by airless spray using SnCl4, NH4F, methanol and double
distilled water. The SnO2:F /glass are formed on heated glass substrates ( 440°C) during 10 min spray time by the
following reaction [20, 21] :
(1)O
2
x24HClSnOO2HSnCl 2x24
o
The SnO2:F/Glass samples , heated at 420°C, are then  coated by  airless spray ZnO thin films during 40 min
using isopropyl alcohol (C3H8O), double distilled water and Zinc acetate Zn(CH3CO2)2 [22].
For the layers where the In2S3 is used as an optical window, the indium sulfide thin films (In2S3) are deposited at
70°C via CBD process [23] using 0.025 M of indium Chloride InCl3 and 0.1 M of thioacetamide (CH3CSNH2,TA).
The pH of the solution is reduced to 2.
The CIS absorber layers are finally deposited by airless spray, during 20 min at 340°C substrate temperature,
using the solution of 3x10-2 M of InCl3, 3.3x10-2 M of CuCl and 12x10-2 M of SC(NH2)2 by the following reaction
[19]:
)2(44222242)2(23 ClNHCOCuInSOHNHSCInClCuCl o
Component layers are identified by their structural, morphological and optical properties. X-ray diffraction
(XRD) spectra are recorded with a Philips X’Pert X-ray diffractometer using CuKD monochromatic radiations. The
wavelength, accelerating voltage and current are respectively, 1.5406 ǖ, 40 kV and 30 mA for 2T values over 10–
60°. Surface and cross section view are examined by high resolution scanning electron microscopy EDAX XL 30
and a Veecoo Dimension 3100 Atomic Force Microscopy using tapping mode. The optical properties were studied
according to UV-VIS spectrum with a UV-VIS-NIR spectrophotometer (NKD 7000).
3. Results and discussions
The X-ray diffraction pattern of the CIS film formed on glass substrates during 20 min at 340°C substrate
temperature is shown in Fig. 1. We can see peaks corresponding to diffraction from (112), (200), (220)-(204) and
(312)-(116) planes of CIS which are characteristic of the chalcopyrite structure. A preferential (112) orientation is
observed.
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Fig. 1. X-ray diffraction pattern of CuInS2 thin film elaborated by spray airless on glass substrate
Moreover, we notice the presence of a secondary phase of In6S7. The average size of crystallite is estimated by
Scherer’s formula [24]:
)3(
cos)2( 0TT
O
'
 kD
Where Ȝ is the X-ray wavelength of CuKĮ radiation (0.154 nm), k = 0.9 is the shape factor, ș0 is the Bragg angle and
ǻ(2ș) is the experimental full-width at half maximum of the respective diffraction peak. The average grain size for 
the CIS corresponding to the (112) orientation is about of 59 nm.
The quantitative composition of the CIS film grown on glass substrate is deduced from energy dispersive X-ray
analysis (EDAX) technique provided by Scanning Electron Microscope. A typical EDAX pattern is shown in Fig. 2.
Fig.2. X-ray microanalysis (EDAX) of CuInS2 thin films grown on glass substrates
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The atomic ratio of Cu/In and S/In is respectively equal to 0.93 and 1.90. The presence of the Ca, Mg, Al and Si
elements correspond to the glass substrates. The oxygen may be incorporated into the film either from the
atmosphere or from the aqueous medium of the spray solution. The chlorine residue content is indicative of
somewhat incomplete reaction between the precursors.
The spray airless CIS films studied above have been deposited onto:
- ZnO/SnO2 underlayers prepared also by airless spray. 
- In2S3/ ZnO/SnO2 underlayers where In2S3 is prepared by CBD.
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Fig. 3. X-ray diffraction pattern of ZnO thin film elaborated by spray airless on SnO2/glass substrate
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Fig. 4.  X-ray diffraction pattern of CuInS2 deposited onto ZnO/SnO2 underlayers. 
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Fig. 5.  X-ray diffraction pattern of CuInS2 deposited onto In2S3/ZnO/SnO2 underlayers.
The XRD patterns of ZnO/SnO2/Glass are presented in Fig.3. Highly (002) orientated ZnO films are deposited
from zinc acetate solution. The ZnO films crystallize in the hexagonal wurtzite and the SnO2 films are well
crystallized in the tetragonal structure and oriented preferentially in the (200) direction.
The growth of spray airless CIS on an oriented ZnO/SnO2 underlayers shows a poor cristallinity (Fig. 4). However,
it is well crystallized for films deposited onto In2S3/ZnO/SnO2 underlayers (Fig. 5).
Fig. 6 shows a (2D) topography representing the surface and specifies the growth of 25μm2 of CIS on glass
substrate. The AFM image depicts a roughness less than 150 nm. We note also that the grain sizes (~ 70nm) differ
from the XRD estimate due to the tendency to overlook smaller particles by AFM as discussed in [25].
Fig. 6. 2D AFM image for CuInS2 thin film grown on glass substrate
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According to SEM photographs of the surface morphology of CIS sprayed on various underlayers (glass,
ZnO/SnO2/glass and In2S3/ZnO/SnO2/glass) shown in Fig. 7, the obtained CIS films for the different layer systems
have a good adherence to the substrate. Some interesting observation on the nucleation stage may be noted, the films
grow by nucleation of islands which coagulate to form a dense structure for CIS sprayed on different underlayer
systems.
Fig.7. SEM image CuInS2 sprayed on (a) glass, (b) ZnO/SnO2/glass and (c) In2S3/ZnO/SnO2 /glass underlayers.
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Fig.8. SEM cross-sectional image of (a) ZnO/SnO2/Glass , (b) CuInS2/In2S3/ZnO/SnO2/Glass grown by airless spray
Indeed, Fig. 8 presents the cross-sectional SEM image of ZnO sprayed on SnO2/glass and CuInS2 sprayed on
In2S3/ZnO/SnO2/glass underlayers. In this image the different interfaces are discernable, indicating a good 
microstructure of the airless spray films.
Based on the optical transmission and reflection measurements, (DhQ)² is plotted as a function of photon energy
(hQ) in Fig.9 for In2S3,  ZnO,  and CIS grown on glass substrates. It varies almost linearly with hQ above the band
gap energy (Eg). Thus, the following equation can be applied for a direct inter-band transition [26]:
  (4)gEhȞA
2h
¹¸
·
©¨
§  QD
Where A is a constant.
The band gap energy is obtained by extrapolating the linear portion of the plot to the crossing with hQ axis.
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Fig.9. (DhQ)² versus hQ plots of sprayed (a) In2S3/glass, (b) ZnO/glass and (c) CuInS2/Glass
Fig. 10 shows the transmission and reflection spectra at near-normal incidence of CIS/ZnO/SnO2/Glass and
CIS/In2S3/ZnO/SnO2/Glass. For CIS deposited on ZnO/SnO2/glass substrate, the transmission in the transparency
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region is larger and the short-wavelength absorption edge is sharper. It can be seen that, the difference in the 
broadening of the short wavelength intrinsic absorption edge results in a change of the underlayer system rather than
to any changes in the CIS material.
Besides, for CIS deposited on In2S3/ZnO/SnO2/glass substrate, we remark the presence of two intrinsic absorption
edges in the spectral range of [500-850] nm, the first one is contained in the spectral range of [500-700] nm and the
second one is contained in the spectral range of [700-850] nm. Those edges correspond respectively to the intrinsic
absorption of the In2S3 and CIS materials. The ZnO and the SnO2 materials are transparent in the visible range [500-
850] nm; their optical gaps are respectively equal to 3 and 3.2 eV that’s why for CIS deposited on ZnO/SnO2/glass
we see only one intrinsic absorption edge corresponding to the intrinsic absorption of the CIS material.
The optical gap Eg varies from 1.5 eV to 1.52 eV for CIS grown on In2S3/ZnO/SnO2/Glass and ZnO/SnO2/Glass
respectively; this difference could be explained by the change of the surface morphology and by the change of the
cristallinity of CIS films deposited on ZnO/SnO2/Glass and on In2S3/ZnO/SnO2/Glass compared to the cristallinity
of CIS deposited on glass as shown in the X-ray diffraction pattern (Fig. 3-5).
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Fig.10. Transmission and reflection spectra of CuInS2/ZnO/SnO2/Glass and CuInS2/In2S3/ZnO/SnO2/Glass.
From, the I-V curves in the dark of CuInS2/ZnO/SnO2/Glass and CuInS2/In2S3/ZnO/SnO2/Glass, shown in Fig.11
and based on one exponential model, we find out that the saturation current (Is), series resistance (Rs) and shunt
resistance (Rsh) of CuInS2/ZnO/SnO2/Glass and CuInS2/In2S3/ZnO/SnO2/Glass as shown in table 1. The active area
of the contact is 0.5 mm2.
Table 1. Extracted parameters from I-V measurements from different heterojunctions
CuInS2/ZnO/SnO2/Glass CuInS2/In2S3/ZnO/SnO2/Glass
Is (μA) 8 90
Rs (ȍ) 148 3.64
Rsh (ȍ) 10 876 322
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Fig.11. Current voltage characteristics in the dark of heterojunction: (a) CuInS2/ZnO/SnO2/Glass and (b)
CuInS2/In2S3/ZnO/SnO2/Glass.
4. Conclusion
 (CuInS2/ZnO/SnO2/Glass) and (CuInS2/In2S3/ZnO/SnO2/Glass) heterojunctions, based on CIS thin film grown
by airless spray, have been elaborated. In2S3 is grown by chemical bath deposition while ZnO and SnO2 are grown
by airless spray technique. The X-ray diffraction study revealed that the CuInS2 thin films exhibit a better
crystallinity when they are deposited onto In2S3/ZnO/SnO2 underlayers. For CuInS2 deposited on 
In2S3/ZnO/SnO2/glass substrate, we remark the presence of two intrinsic absorption edges. The optical gap of
CuInS2 films grown on In2S3/ZnO/SnO2/Glass and ZnO/SnO2/Glass varies slightly from 1.50 to 1.52 eV.
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Solar cell structures could be obtained from those heterojunctions. Their I-V curves in the dark are investigated. 
No significant photocurrent was detected with this analysis. To improve the electrical properties and the photo-
response of the solar cell structure, we are investigating the doping of CIS and In2S3 thin films with aluminum [27, 
28]. 
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